The main goal of the present study is to determine the effects of different nitrogen concentrations and glucose/fructose ratios on the fermentation performance of Saccharomyces paradoxus, a non-conventional species for wine making.
Introduction
concentration of 140 mg l -1 is often quoted as necessary for the fermentation of a must with moderate sugar content (200 g l -1 ) (Bell and Henscke 2005) . Moreover, the concentration of assimilable nitrogen also influences the formation of volatile and nonvolatile compounds that are important for the organoleptic quality of the wine (Bell and Henscke 2005; Hernández-Orte et al. 2006; Vilanova et al. 2007 ).
In recent years, there has been an increasing demand for wines with high glycerol levels and reduced ethanol content. Glycerol is the major and the most important non-volatile compound produced by yeasts in wines, and significantly contributes to the wine quality by providing slight sweetness and fullness. It is considered as the third major compound produced during wine fermentation after ethanol and carbon dioxide. The amount of glycerol formed during fermentation by S.
cerevisiae is around one tenth of the amount of ethanol produced, and its concentrations in wine varying between 1 and 10 g l -1 (Ough et al. 1972) , although normal Most fermentation requirements have been studied for S. cerevisiae but not for other Saccharomyces species. The aim of the presented study is to determine the effect of different concentrations of assimilable nitrogen and glucose/fructose ratios on the fermentation performance and synthesis of ethanol, glycerol and volatile acidity (the major compounds of wine fermentation) by S. paradoxus in a wine model system.
Materials and methods

Yeast strains and inocula preparation
Two yeast, a commercial S. cerevisiae wine strain (SOY51) and a S. paradoxus strain (SOY54) isolated from Croatian vineyards, were used in the present study. Yeast cultures were maintained on YEPG medium slopes (yeast extract 10 g l -1 ; bacteriological peptone 10 g l -1 ; glucose 20 g l -1 ; agar 20 g l -1 ) at 4 o C and transferred monthly to fresh medium until fermentation experiments were carried out.
Starter cultures were prepared according to Wang et al. (2003) 
Experimental design and growth media
In this work, a complete factorial design resulting of the combination of 2 yeast strains and 4 growth media was carried out in triplicate. Table 1 summarizes the total number of treatments included in the experimental design. Fermentations were performed in a synthetic must developed by Varela et al. (2004) . Natural musts show a variable composition from vintage to vintage that can influence the yeast growth. For this reason, a defined synthetic must was chosen in this work as the most appropriate growth medium to overcome this variation. In the present study, the basal must was modified by adding aseptically different assimilable nitrogen concentrations in the form of amino acids and ammonium salt (must S, 50 mg l -1 ; and must N, 300 mg l -1 ; for a complete description of the different sources of nitrogen used see Varela et al. 2004 ) and glucose/fructose ratios (must G, 100 g l -1 glucose + 100 g l -1 fructose; must F, 80 g l -1
glucose + 120 g l -1 fructose). Fermentations were carried out at 18 o C, which is a normal temperature for white must fermentations, without shaking in 500 ml of must air fitted with a side-arm port sealed with a rubber septum for sampling and closed with airlocks.
Experiments were monitorized during 900 h. At variable time intervals, must samples were taken and diluted in a sterile saline solution and plated onto YEPG agar plates.
Then, plates were incubated aerobically at 25ºC for 48 h. Counts were expressed as log 10 CFU ml -1 .
Chemical analysis
Final ethanol and volatile acidity productions, as well as the residual sugar content in the must, were quantified according to the Official EU Methods for wine analysis (EC 2000 The production of glycerol along the fermentative process was fit with the reparameterized Gompertz equation proposed by Zwietering et al. (1990) :
where y (dependent variable) is the glycerol concentration at time t, G is the maximum glycerol production reached (g l -1 ), G r is the maximum glycerol production rate (g h -1 ), and λ is the lag phase period for glycerol production (h). The fit was accomplished using the non-linear module of Statistica version 7.0 (Statsoft Inc, Tulsa, USA), minimizing the sum of squares of the difference between experimental data and the fitted model, i.e., loss function (observed-predicted) 2 . Fit adequacy was checked by the proportion of variance explained by the model (R 2 ) respect to experimental data.
Microbiological analysis
The microbial growth and decay observed in the different treatments was described by the model developed by Peleg (1996) based on the continuous logistic equation (which accounts for growth) on which a Fermi's term (for decay) was superimposed. It has the form: 
Statistical data analysis
An analysis of variance was performed by means of the factorial ANOVA module of Statistica software version 7.0, using "yeast strains" and "growth media" as categorical predictor variables. Dependent variables introduced for the analysis were the maximum glycerol production reached (G), the maximum glycerol rate production (G r ), the final ethanol concentration produced (E), the maximum volatile acidity obtained (V), as well as the growth\decay biological parameters estimated with the Peleg model (1996) . To check for significant differences between treatments and to form homogeneous group, a post-hoc comparison test was applied by means of the Scheffe test, which is considered to be one of the most conservative post-hoc tests (Winer 1962 ). An alternative advantage of the Scheffé test is that it can also be used with unequal sample sizes. In this way, when statistical significance is obtained in an ANOVA analysis (p ≤ 0·05), we can reject the null hypothesis of no differences between means exist, and accept the alternative hypothesis that the means are different from each other.
Results
Yeast growth/decay modeling
S. cerevisiae and S. paradoxus showed a first phase of growth, and subsequent decay, during the 900 h that fermentations were monitorized. After the maximum population was reached, the number of yeasts was progressively falling until no viable cells were detected. This behavior could be well fitted by means of the Peleg model (1996), obtaining diverse growth and decline biological parameters of yeast population in the different media (Table 2 ). An example of this fit is shown in Figure 1 for both yeasts, 2 ), indicative of the fit adequacy, was high and ranged from 94·5 to 99·6% (Table 2) .
Growth rate (k g ) and maximum yeast population obtained (N s ), both parameters of the initial growth phase, depended on the media and yeasts tested, and diverse homogenous groups were obtained according to the Scheffé test (see Table 2 ). N s ranged from 5·70 (S. cerevisiae yeast in SF must) to 8·30 log 10 CFU ml -1 (S. paradoxus in both NF and NG musts and S. cerevisiae in NG must), resulting both extreme values statistically different. In general, there was a slight tendency in S. paradoxus to reach higher population levels than S. cerevisiae in the different media (except in NG must where values were exactly identical). Media enriched with higher initial nitrogen concentrations (NG and NF musts) showed also higher N s for both yeasts. For the specific case of S. cerevisiae, those media with higher glucose concentrations (G) showed higher N s than media enriched with fructose (F) (comparing NG and SG respect to NF and SF musts, respectively), but with no significant differences. However, for S.
paradoxus, there was not a clear relation of the influence of the glucose/fructose ratio on this parameter.
The growth rate (that is the increase in the number of yeasts, in logarithmic scale, per time unit) ranged from 0·021 h -1 for S. cerevisiae in SF must to 0·868 h -1 for
Glycerol production modeling
In this work, the production of glycerol along the fermentative process could also be appropriately modeled, but in this case by means of the reparameterized Gompertz equation proposed by Zwietering et al. (1990) . A graphic example of the fit is depicted in Figure 1 (marked with squared points), while the parameters obtained for the diverse treatments are shown in Table 3 .
The production of glycerol in synthetic must was composed by a first lag phase, where the concentration did not increase, a second phase of intense production, and a third phase where the maximum asymptote was reached and the glycerol concentration Figure 1 , the maximum release of glycerol in must occurred during the decay phase for both yeasts. Similar results were also found in the other treatments (data not shown). The proportion of variance explained by the models was high and ranged from 90·6 to 99·9% (Table 3 ).
The maximum production of glycerol obtained ranged from 3·76 (S. paradoxus in SG must) to 6·84 g l -1 (S. paradoxus in NG must). Statistically, the production of glycerol in S. paradoxus increased in those media with higher nitrogen levels (N).
However, for S. cerevisiae, the production of glycerol was not statistically influenced by the type of must (Table 3) . Apparently, for S. paradoxus the effect of glucose/fructose ratio did not show influence on glycerol production. However, in the case of S.
cerevisiae, glycerol production slightly decreased in those fructose-enriched media (F), but with no significant differences.
The glycerol production rate was influenced by the yeast species and type of must used, and three different homogeneous groups were detected according to the Scheffé test (Table 3 ). Glycerol production rates ranged from 0·009 g h -1 for S.
cerevisiae in NG must, to 0·031 g h -1 for S. paradoxus in SF must. S. paradoxus always showed a higher glycerol production rate than S. cerevisiae in any must, except in NF, in which S. cerevisiae and S. paradoxus rates were almost identical. In all cases, a lag period was observed for the glycerol production (see Figure 1 ). This lag period ranged from 7·79 h for S. cerevisiae in NG must to 252·07 h for S. paradoxus in SF must. The residual sugar concentration was very similar in all treatments, with no significant differences among them. The average residual sugar concentration was 0·41 g l -1 , indicating that the fermentative processes were finished in all cases. Finally, the ethanol yield ranged from 10·7% for S. paradoxus in NG must to 12·1% for S.
Influence of the must composition on other enological parameters
cerevisiae in SG must. Not significant differences were found among the diverse fermentations according to the ANOVA analysis (Table 4) , although a slight tendency to increase the ethanol yield was noticed in those fermentations performed by S.
cerevisiae (Table 4 ). In fact, the lowest yields were obtained in the NG and NF must fermentations conducted by S. paradoxus.
Discussion
In this paper, we studied the effect that different nitrogen and fructose concentrations had on the fermentative performance of S. paradoxus, a species of potential enological interest (Orlić et al. 2007) , in comparison to that of the classical wine species S.
cerevisiae. We compared the production of major wine compounds during fermentation such as ethanol, glycerol and acetic acid. 
